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Edited by Stuart FergusonAbstract The iron–sulfur cluster regulator (IscR) was reported
to be a repressor of the iscRSUA operon. In vitro transcription
reactions revealed that the IscR had a repression eﬀect on the
iscR promoter. The IscR contains a [Fe2S2] cluster per each
monomer, and three highly conserved cysteines were identiﬁed
to ligate the [Fe2S2] cluster. It was proposed that a non-cysteine
residue might be the fourth ligand for the [Fe2S2] cluster. In this
study, using site-directed mutagenesis, Glu43 was found to be the
fourth residue that coordinates the [Fe2S2] cluster of IscR.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Iron–sulfur proteins are widely distributed in nature and can
be found in bacteria, fungi, plants, and mammals, exhibiting
diverse functions, which include electron transport, redox
and non-redox catalysis, stabilization of proteins, DNA syn-
thesis and repair and sensing in regulatory processes [1–3]. Re-
cent studies revealed that a highly conserved gene cluster
iscSUA-hscBA-fdx was essential for the general biogenesis of
iron–sulfur proteins in bacteria [4–6].
The genes encoding FeS cluster assembly proteins from
Escherichia coli are regulated by an iron–sulfur protein, IscR,
which is similar to the well-characterized transcriptional regu-
lator MarA (multiple antibiotic resistance) from E. coli [7].
IscR functions as a repressor of the iscRSUA operon and
strains deleted for iscR have increased expression of this oper-
on [8]. In our previous study, the IscR from Acidithiobacillus
ferrooxidans was successfully expressed in E. coli, and revealed
to be a [Fe2S2] cluster containing protein [9]. The molecular
structure of IscR is still unavailable so far, which hindered fur-
ther elucidation of the structure–function relationship of this
protein.Abbreviations: A. ferrooxidans, Acidithiobacillus ferrooxidans; IPTG,
isopropyl-D-thiogalactopyranoside; IscA, iron–sulfur cluster assembly
protein A; PAGE, polyacrylamide gel electrophoresis; PCR, polymer-
ase chain reaction; SDS, sodium dodecylsulfate; EPR, electronic
paramagnetic resonance
*Corresponding author. Fax: +86 731 8879815.
E-mail address: zengjcsu@yahoo.com.cn (J. Zeng).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.09.060Previous research by Schwartz et al. proposed that three
conserved cysteines might play a critical role for the iron–sul-
fur cluster ligation, and a non-cysteine residue would be the
fourth ligand for the [Fe2S2] cluster [8]. Then, Yeo et al. cre-
ated Cys to Ala mutations of the three highly conserved cys-
teine residues, Cys92, Cys98 and Cys104, in E. coli IscR, and
the results indicated that the mutant proteins in vivo were in
apo-form [10]. Sequences alignment for IscR from A. ferroox-
idans and other sources showed that Cys92, Cys100, and
Cys107 were highly conserved residues, and Cys99 was not a
conserved residue, as shown in Fig. 1. Mutagenesis results con-
ﬁrmed that the three conserved cysteines were essential for the
iron–sulfur cluster binding, while Cys99 was not involved in
coordinating the [Fe2S2] cluster (unpublished results), which
hints to the existence of a non-cysteine ligand for the iron–
sulfur core.
To identify the fourth ligating residue, according to previous
reports, we chose three potential ligands, Glu43, Asp103 and
His110 for site-directed mutagenesis [11–14]. Finally, Glu43
was found to be an essential residue for coordinating the
[Fe2S2] cluster of IscR. Thus, the [Fe2S2] cluster of IscR was
coordinated by three cysteines and one glutamic acid.2. Materials and methods
2.1. Materials
A. ferrooxidans ATCC 23270 was obtained from the American Type
Culture Collection. A Hi-Trap chelating metal aﬃnity column was
purchased from GE healthcare LTD. Top10 competent cells, E. coli
strain BL21(DE3) competent cells came from Invitrogen Life Technol-
ogies. The Plasmid Mini kit, a gel extraction kit and synthesized oligo-
nucleotides were obtained from Sangon Company of Shanghai. Taq
DNA polymerase, and restriction enzymes came fromMBI Fermentas.
All other reagents were of research grade or better and obtained from
commercial sources.
2.2. Construction of A. ferrooxidans IscR mutant plasmids
A QuikChange mutagenesis kit (Stratagene) was applied for con-
structing the mutant expression plasmids. The plasmid pLM1::ISCR
was used as a template for constructing mutant expression plasmids
through polymerase chain reaction (PCR). The following primers
and their antisense primers were synthesized to introduce the mutated
sequences:
E43A: 5 CTGTGGCTTACCTGGCGCAGCTCTTTGGGCG 3,
codon GAG for glutamic acid (E) was changed to codon GCG for
alanine (A);
E43C: 5 CTGTGGCTTACCTGTGTCAGCTCTTTGGGC 3,
codon GAG for glutamic acid (E) was changed to codon TGT for
cysteine (C);
E43D: 5 CTGTGGCTTACCTGGATCAGCTCTTTGGGC 3,
codon GAG for glutamic acid (E) was changed to codon GAT for
aspartic acid (D).blished by Elsevier B.V. All rights reserved.
Fig. 1. Sequence alignment of IscR from Acidithiobacillus ferrooxidans and other sources. A.f: IscR from Acidithiobacillus ferrooxidansATCC 23270;
E.c: IscR from Escherichia coli K12; P.e: IscR from Pseudomonas entomophila L48; B.t: IscR from Burkholderia thailandensis E264; S.d: IscR from
Shewanella denitriﬁcans OS217; N.o: IscR from Nitrosococcus oceani ATCC 19707; V.f: IscR from Vibrio ﬁscheri ES114; H.c: IscR from Hahella
chejuensisKCTC 2396; A.h: IscR from Aeromonas hydrophila subsp. hydrophila ATCC 7966; P.a: IscR from Pectobacterium atrosepticum SCRI1043.
The highly conserved cysteines and Glu43 proposed to be the ligands for the [Fe2S2] cluster are marked with stars.
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codon GAG for cysteine (C) was changed to codon TTG for (L).
E43S: 5 CTGTGGCTTACCTGTCGCAGCTCTTTGGGC 3,
codon GAG for glutamic acid (E) was changed to codon TCG for ser-
ine (S).
E85A: 5 TGGAGGCCGTCAATGCGTCCATCAGTACGAC 3,
codon GAG for glutamic acid (E) was changed to codon GCG for
alanine (A).
D103A: 5 TGTGTTGTAAGGGGGCTGGGCAGCAGTGCCT
3, codon GAT for aspartic acid (D) was changed to codon GCT for
alanine (A).
H110A: 5 AGCAGTGCCTTACTGCCGACCTGTGGGAAG 3,
codon CAC for histidine (H) was changed to codon GAC for alanine
(A).
PCR ampliﬁcation was performed using Pfu DNA polymerase and
samples were subjected to 13 cycles of 0.5 min of denaturation at
95 C, 1 min of annealing at 61 C, and 12 min of elongation at
72 C in a Mastercycler Personal of Eppendorf Model made in Ger-
many. DpnI restriction enzyme was used to digest the parental super-
coiled double-stranded DNA. The positive colonies with the mutant
plasmids were identiﬁed by sequence analysis. The isolated mutant
plasmids were then used to transform E. coli strain BL21(DE3) compe-
tent cells for expression.
2.3. Expression of A. ferrooxidans IscR mutant proteins
The E. coli strain BL21(DE3) cells with the mutant plasmids were
grown at 37 C in 500 ml of LB medium containing ampicillin
(100 mg/l) to an OD600 of 0.6. At this point, the cells were incubated
at room temperature with the addition of 0.5 mM isopropyl-D-thioga-
lactopyranoside (IPTG) overnight with shaking at 180 rpm. The cells
were harvested by centrifugation and the cell pellet was washed with
an equal volume of sterile water. The cells were again harvested by cen-
trifugation, suspended in start buﬀer (20 mM potassium phosphate,
pH 7.4, 0.5 M NaCl), incubated with 5 mg lysozyme at room temper-
ature for half an hour, and then stored at 80 C for puriﬁcation.2.4. Puriﬁcation of A. ferrooxidans IscR Mutant Proteins
All the puriﬁcation procedures were performed anaerobically in an
anaerobic chamber. The cells were lysed by sonication four times for
30 s each time using a 150-Watt Autotune Series High Intensity Ultra-
sonic sonicator equipped with a 8 mm-diameter tip. The insoluble deb-
ris was removed by centrifugation and the clear supernatant was used
for protein puriﬁcation. The Hi-Trap column was ﬁrst equilibrated
with 0.1 M nickel sulfate to charge the column with nickel ions fol-
lowed by 5 column volumes of MiliQ water to remove unbound nickel
ions from the column, and then by 5 column volumes of start buﬀer
(20 mM potassium phosphate, pH 7.4, 0.5 M NaCl) to equilibrate
the column. The clariﬁed sample was applied to the Hi-Trap column
after ﬁltering it through a 0.45 lm ﬁlter. The column was washed with
5 column volumes of start buﬀer followed with 5 column volumes of
wash buﬀer (20 mM potassium phosphate, pH 7.4, 0.5 M NaCl,
50 mM imidazole), and subsequently the protein was eluted with an
elution buﬀer (20 mM potassium phosphate, pH 7.4, 0.5 M NaCl,
500 mM imidazole). The method of Bradford [15] was used to deter-
mine the protein content with bovine serum albumin as the standard.
The eluted fractions were analyzed by sodium dodecylsulfate–poly-
acrylamide gel electrophoresis (SDS–PAGE) with 12% of acrylamide
according to Laemmli [16]. The puriﬁed protein fractions were
combined and dialyzed under anaerobic condition against a 20 mM
potassium phosphate buﬀer, pH 7.4, 5% glycerol, and 5 mM b-mercap-
toethanol, and then stored in a 80 C freezer.
2.5. UV-Vis scanning and EPR spectra
UV–Vis spectra scanning of the IscR mutant proteins were carried
out at 25 C on a Techcomp UV-2300 spectrophotometer. The protein
samples (20 lM) were prepared in 20 mM phosphate buﬀer containing
0.5 M NaCl, pH 7.4. X-band electronic paramagnetic resonance (EPR)
spectra were recorded at 70 K on a JEOL JES-FE1XG spectrometer.
Parameters for recording the EPR spectra were typically 15–30 mT/
min sweep rate, 0.63 mT modulation amplitude, 9.153 GHz frequency,
and 4 mW incident microwave power, sweep time was 2 min. The
J. Zeng et al. / FEBS Letters 582 (2008) 3889–3892 3891samples were diluted to 5 lM in 20 mM phosphate buﬀer containing
0.5 M NaCl, pH 7.4. All the performances were under anaerobic con-
ditions and the IscR wild-type and mutant proteins after anaerobic
puriﬁcation were kept in reduced form.
2.6. Determination of iron and sulﬁde content of IscR
Iron assay was performed by the colorimetric method [17], sulﬁde
content was determined according to Siegel [18]. The samples were pre-
pared in 20 mM phosphate buﬀer containing 0.5 M NaCl, pH 7.4.Table 1
Iron and sulfur contents of the mutated IscR proteins.
Iron content/lmol
(lmol protein)1
Sulfur content/lmol
(lmol protein)1
Iron/sulfur
Wild-type 2.11 ± 0.10 1.92 ± 0.09 1.10
E43A <0.2 <0.2 NA
E43C 1.12 ± 0.09 1.05 ± 0.10 1.06
E43D 1.75 ± 0.09 1.57 ± 0.10 1.11
E43L <0.2 <0.2 NA
E43S <0.2 <0.2 NA
E85A 1.69 ± 0.10 1.74 ± 0.07 0.97
D103A 1.92 ± 0.08 1.86 ± 0.07 1.03
H110A 1.73 ± 0.08 1.81 ± 0.07 0.963. Results and discussion
3.1. Construction of mutant plasmids and expression in E. coli
Mutant expression plasmids, pISCR(E43A), pISCR(E43C),
pISCR(E43D), pISCR(E43L), pISCR(E43S), pISCR(E85A),
pISCR(D103A) and pISCR(H110A) were constructed, and
their sequences were veriﬁed by DNA sequence analysis. The
mutant expression plasmids were then transformed into
E. coli BL21(DE3) for expression.
3.2. Puriﬁcation of IscR mutant proteins
Nickel metal aﬃnity resin column was used for single-step
puriﬁcations of His-tagged IscR mutant proteins and all the
proteins were puriﬁed as soluble proteins. The purities of the
mutant proteins were further examined by SDS–PAGE and
single bands corresponding to the 18 kDa protein were ob-
served with >95% purity.
Three IscR mutant proteins, E43A, E43L and E43S, had no
color after puriﬁcation, and the purity ratios (A280/A380) for all
three mutant proteins were >10, indicating the loss of the
[Fe2S2] clusters. On the other side, the E43C and E43D mutant
proteins were brown in color as the wild-type protein after
puriﬁcation. The same was true for E85A, D103A and
H110A mutant proteins.
3.3. UV-scanning and EPR spectra of IscR mutant proteins
The mutant proteins were then subjected to UV-vis scan-
ning. The IscR mutant proteins E43C and E43D were ob-
served to have a maximum visible absorptions at 415 nm, as
shown in Fig. 2A, which was similar to that of the wild-type
protein [9]. On the contrary, E43A, E43L and E43S mutant
proteins were observed to have no absorption between 300
and 700 nm, indicating the absences of the iron–sulfur cores
in the mutant proteins (Fig. 2A). UV–Vis scanning forFig. 2. (A) UV–Vis scanning of the mutant Glu43 proteins of IscR from Ac
and H110A mutant proteins of IscR from A. ferrooxidans.E85A, D103A and H110A mutant proteins showed that all
the proteins had maximum absorptions at 415 nm, indicating
the presence of the [Fe2S2] clusters in the mutant proteins, as
shown in Fig. 2B.
The EPR spectra of the puriﬁed IscR mutant proteins were
also obtained. The IscR E43C and E43D mutant proteins
showed typical [Fe2S2]
+ EPR signals, indicating that the
iron–sulfur clusters were assembled in the proteins, whereas
for E43A, E43L and E43S mutant proteins, no EPR signals
were detected, indicating loss of the [Fe2S2] cluster. The IscR
E85A, D103A and H110A mutant proteins also showed typi-
cal [Fe2S2]
+ EPR signals as wild-type protein (data not shown).
3.4. Iron and sulﬁde contents of IscR mutant proteins
The iron and sulﬁde contents of the IscR mutant proteins
were shown in Table 1. The total iron content of the puriﬁed
IscR wild-type was estimated to be 2.11 ± 0.10 lmol (lmol
protein)1 by the colorimetric method, and the sulﬁde content
for IscR was determined to be 1.92 ± 0.09 lmol (lmol pro-
tein)1. Those results indicated that the IscR contained a single
[Fe2S2] cluster. The iron and sulﬁde contents for IscR E43D
mutant protein were similar to those of the wild-type protein,
while for E43C mutant protein, a slightly loss of the iron–sul-
fur cluster was observed. The iron and sulﬁde contents for the
IscR E43A, E43L and E43S mutant proteins were all
<0.2 lmol (lmol protein)1, indicating that the iron–sulfur
clusters could not tightly bind in these proteins, and most of
the [Fe2S2] clusters were lost. The results clearly indicated that
the carboxyl group of Glu43 was crucial for the coordination
of the [Fe2S2] cluster, and removal of this group resulted inidithiobacillus ferrooxidans; (B) UV–Vis scanning of the E85A, D103A
3892 J. Zeng et al. / FEBS Letters 582 (2008) 3889–3892the loss of the [Fe2S2] cluster. The iron and sulﬁde contents for
IscR E85A, D103A and H110A mutant proteins suggested
that all the mutant proteins contained a [Fe2S2] cluster, indi-
cating that these three conserved residues were not involved
in ligating the iron–sulfur cluster.
Most iron–sulfur proteins have four conserved cysteines that
coordinate the iron–sulfur cluster, as in the case of the [Fe2S2]
in the transcription factor SoxR, as well as ferredoxin from
E. coli [19–20]. The [Fe2S2] cluster of iron–sulfur cluster assem-
bly protein A (IscA) from E. coli and the [Fe4S4] cluster of Hi-
PIP from T. tepidum and C. purpuratum are also ligated by
four cysteines [21–23]. There are, however, some iron–sulfur
proteins which have one or two non-cysteine ligands. The
[Fe4S4] cluster of IscA from A. ferrooxidans is ligated by three
cysteines and one aspartic acid [11,12]. The [Fe2S2] cluster in
Rieske-type proteins of cytochrome bc1 complex is coordi-
nated by the sulfur atoms of two cysteines and the imidazoler-
ing nitrogen atoms of two histidines [13]. Other examples
include the [Fe2S2] cluster in the iron–sulfur cluster assembly
protein IscU, which is ligated by three cysteine residues and
one histidine or aspartic acid, and the [Fe2S2] cluster in biotin
synthase, which is coordinated by three conserved cysteines
and one arginine [14,24]. I the later, cysteine residues were
essential for binding to the [Fe2S2] cluster, while the arginine
was proposed to play a catalytic role [24].
Cysteine, aspartic acid, glutamic acid, histidine were possible
ligands for the iron–sulfur cluster. We also investigated other
ligands, and besides Glu43, Glu85, Cys98, Asp103, His110,
we studied residues Cys99, Asp16 and Asp30. However, IscR
mutant variants C99A, D16A and D30A assembled as FeS
proteins indistinguishable from the wild-type, thus eliminating
these residues as ligands for the FeS center (unpublished re-
sults). In the end, we showed that Glu43 is an essential ligand
for the [Fe2S2] cluster, indicating that four residues, namely
Glu43, Cys92, Cys100 and Cys107, coordinate the [Fe2S2] clus-
ter of IscR from A. ferrooxidans.
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